Abstract-The National Bureau of Standards, in cooperation with the Electronic Industries Association, conducted an interlaboratory measurement comparison among fiber manufacturers. Evaluated were transverse splice offset, near-field, far-field, and variable aperture farfield methods for determining mode-field diameter. Measurements were performed on five single-mode fibers at both 1300-and 1550-nm wavelengths. At WOO nm, agreement was fairly good with the average one standard deviation being 0.15 pm for mode-field diameters in the 8-ll p m range. Distinct systematic differences among various techniques were observed at 1550 nm where mode distributions are not as Gaussian.
I. INTRODUCTION
F UNDAMENTAL mode-field diameter is an important parameter for single-mode fibers. For example, joint loss occurs when fibers with different mode diameters are joined. National and international standards groups are in the process of recommending standard mode-field diameter sizes.
A number of different techniques exist for determining mode-field diameter. Near-field, transverse-offset, and farfield techniques have been previously compared at a wavelength of 1300 nm; with appropriate curve fitting, these one-dimensional scanning methods exhibit less than 2-percent disagreement [l] . In addition to one-dimensional scanning, there is a more recent two-dimensional far-field technique whereby mode-field diameter is determined from the relative powers transmitted through a series of apertures [2] , [3] . Sufficient far-field power is collected so a filtered tungsten lamp can be used as the source.
At wavelengths near cutoff, the mode-field profile is approximately Gaussian shaped for many index profiles including step. Most methods of data analysis fit a Gaussian curve to the experimental data. Theoretically, for matched cladding, pure step-index fibers, the value obtained for mode-field diameter depends on the criteria used for obtaining the curve fit [4] . Mode lengths near cutoff agreement is not as good at longer wavelengths where mode shapes are not as Gaussian. Both theory and 1300-nm measurements indicate that modefield diameters determined by one-dimensional near-and far-field methods will agree if the curve-fit maximizes the launch efficiency inte ,ral [4] .
The National Bureau of Standards (NBS), in cooperation with the Electronic Industries Association (EIA), conducted an interlaboratory measurement comparison to determine mode-field diameter. Participants include NBS and eight manufacturers or users of single-mode fiber. Four methods for determining mode-field diameter were tested in the comparisons: near-field (NF), transverse offset (TO), far-field (FF), and variable aperture far-field (VAFF). Measurements were reported at two wavelengths, 1300 nm, which was close to cutoff, and 1550 nm, which is sufficiently far from cutoff so mode shapes are not as Gaussian.
MEASUREMENT PROCEDURES AND COMPARISON FIBERS
Measurement procedures used with the various techniques are consistent with current laboratory practice or are pending before standards groups. Mode-field diameter 2wl is defined as the lle2 diameter of a Gaussian Z,(r) fit to the radial intensity variation of the fundamental mode:
where r is the radial coordinate. The NF method directly measures the fundamental-mode radial intensity variation. To implement this technique, a lens, such as a microscope objective, is used to obtain a magnified image of the fiber end
[l], [5] . Radial variation is typically acquired by scanning an apertured detector across the image. Lens magnification can be determined by imaging a shape or pattern of known dimension. Participants using the NF method were requested to find the Gaussian Z,(r) which maximizes the launch-efficiency integral [l], [4] .
This criterion has the physical significance of giving the Gaussian beam size which maximizes the fractional power launched into the fiber.
The TO method determines mode-field diameter by measuring the transmission through a transversely misaligned butt splice [6] . To implement this technique, two Z,(r) = zl(O>e -2(r/w1)* U.S. Government work not protected by U.S. copyright flat perpendicular axially aligned fiber ends are separated by 5 pm or less. Relative transmitted power is measured as a function of transverse (radial) offset. An interferometer is frequently employed to determine the amount of offset. Participants using TO were requested to fit the transmitted power versus offset P2(r) to the Gaussian expression
where d is the radial offset and 2w2 the mode field diameter. Since the transmitted power versus offset curve is nearly Gaussian even for relatively non-Gaussian fields, a criterion for fitting the Gaussian to TO experimental data was not specified. Participants used their normal laboratory practice.
The FF method determines mode-field diameter from a measurement of the one-dimensional far-field radiation pattern. This is usually accomplished by rotating an apertured detector in the far field. The far-field distribution is then transformed to the near field to obtain the modefield diameter. Calibration is usually accomplished through knowledge of the angular motion per step of the rotary stage:Participants using FF were requested to fit a Gaussian curve Z3(0) to the far-field angular distribution using a maximization of the launch efficiency integral as the fitting criterion [l], [4] ; i.e.,
Me) = 13(O)e -2(8103)2 (4)
where the mode-field diameter 2w3 is given by
The VAFF method also determines the mode-field diameter by a measurement in the far field. Relative power passing through a series of apertures, usually 12-20, in the far field is determined [ 3 ] . A Gaussian far-field distribution is assumed and the power contained in the cone with half-angle 0 is given by where P4mas is the power at infinite.aperture size and where 2w4 is the mode-field diameter. Parameters P4max and m are varied to obtain a least-squares fit between (6) and the experimental data; mode field diameter is then calculated from (7) . The VAFF method is calibrated by measuring the aperture diameters and the distance from the fiber end to the aperture wheel which remains fixed during the experiments.
Several measurement conditions were common to all techniques. Test fiber length was 2.0 f 0.2 m with a single 50-mm-diameter loop to strip out possible second-order mode power. Cladding-mode strippers were also used to eliminate cladding light.
Five single-mode fibers, intended for 1300-nm opera- tion, were used in the comparisons. Three of the fibers ( A , C, and 0 ) were samples remaining from a previous interlaboratory comparison on cutoff wavelength [7] . Index profiles are given in Figs. l(a) and (b). Fiber A has a moderately depressed inner cladding with a relatively small core and high delta, fiber C has a mildly depressed inner cladding; fiber D has a matched (single) cladding, fiber E has a moderately depressed inner cladding, and fiber F with a mildly depressed inner cladding has an onaxis index dip dropping to the inner cladding level. 
RESULTS
Each mode-field diameter value reported by participants is an average of two measurements. New fiber ends were prepared between measurements. Mode-field diameter results for both wavelengths are given in Figs. 2-6 for fibers A , C, D, E, and F , respectively. Data point symbols identify a particular measurement method, i.e., circular shapes TO, square shapes NF, triangular shapes FF, and crossed lines VAFF. A total of 11 data sets are included with some participants submitting results for more than one method.
At 1300 nm, the one-standard-deviation measurement spreads considering all techniques combined are 0.21, 0.12, 0.19, 0.11, and 0.11 pm for fibers A , C, D, E, and F, respectively, for 'an overall average of 0.15 pm. There appear to be no relative systematic offsets consistent for all fibers. For example, VAFF frequently produced higher values than FF; however, on fiber C, the highest measured value is by FF. The TO3 data are generally within 0.1 pm of the average; however, for fiber D, it is the highest reported value and about 0.4 pm above the average. We conclude that the systematic offsets between methods at 1300 nm are close to the single-method interlaboratory agreement or the fiber-to-fiber variability for a given method.
At 1550 nm, the one-standard-deviation measurement spreads considering all techniques combined are 0.36, 0.24, 0.32, 0.24, and 0.22 pm for fibers A , C, D, E, and F, respectively, for an overall average of 0.28 pm. There is a consistent systematic offset between some techniques when results for all five fibers are compared. This is readily apparent when results are plotted with respect to the average measured value for each fiber (Fig. 7) . The average value has no particular significance but serves as a reference for comparison purposes. For clarity, the average of the five TO values is plotted with vertical bars representing the range of values reported. VAFF measurements are offset from FF by an average of +0.7 pm. VAFF values are consistently above the average while FF is below. The amount of offset is due in part to the further departure from a Gaussian mode shape at 1550 nm. Fig. 8 is a contribution from W. T. Anderson and shows the theoretically predicted mode-field diameter for VAFF minus that for FF, assuming a pure, matched-cladding step-in- Fig. 7 . Mode-field diameter results for all five fibers plotted with respect to the overall average for each fiber, 1550 nm.
"." Fig. 9 . Mode-field diameters for all five fibers, 1550 nm, VAFF data converted to a one-dimensional FF value. Diameters are differences with respect to the new average value for each fiber. It is possible to reconcile various methods by choosing appropriate data analysis. VAFF experimental data can be converted to one-dimensional FF; mode-field diameter can then be calculated from (4) and (5) using a maximization of the overlap integral [8]. When this is applied to the comparison fibers, the average VAFF values decrease by 2.3 percent at 1300 nm and 3.7 percent at 1550 nm. Fig.  9 shows the comparisons at 1550 nm after VAFF results have been converted to one-dimensional FF. VAFF-FF results are now close to the average and the VAFF-FF offset is approximately 0.3 p t h . Although not shown in this paper or elsewhere, it should also be possible to integrate an F F curve to determine the power in a given cone angle and thereby compute a "VAFF result" using (6) and (7) . Systematic interlaboratory differences within a given measurement method are also evident. The two laboratories reporting VAFF results consistently differ by approximately 0.2 pm at 1550 nm. Five participants submitted TO results which are plotted in Fig. 10 with respect to the average measured value for each fiber. Systematic offsets are apparent for data sets TO4 and T05. Differences in calibration would certainly produce such a result; however, it was impossible to ascertain this from the data submitted.
Mode-field diameters reported in this comparison require some type of Gaussian curve fit. However, for highly non-Gaussian field shapes, other definitions such as the one reported by Petermann [9] , may be more appropriate.
In brief conclusion, all of the methods tested will give satisfactory agreement at 1300 nm on single-mode fibers designed for this wavelength. In cases where mode shapes are not as Gaussian, systematic offsets can occur; however, appropriate data analysis can reduce the differences. Fig. 8 , and workers at Corning Glass for analysis to convert VAFF data to one-dimensional FF.
